T he neurexin-neuroligin adhesion complex plays a critical role in brain development and function (1, 2). Neurexins are localized mainly on axons and can form transsynaptic calciumdependent heterophilic adhesion with neuroligins situated on dendrites (3). Neurexin binds presynaptic adaptors such as Ca2 ϩ /calmodulin activated serine-threonine kinase (4), whereas the neuroligin intracellular tail binds the scaffolding postsynaptic density protein 95 (PSD-95) (5, 6). Pathological mutations in neuroligin genes are related to autism and X-linked mental retardation in humans (7-9). In addition, neuroligin-knockout mice die shortly after birth from respiratory failure as a result of reduced network activity in brainstem centers that control respiration (10), and show selectively altered synaptic responses (11). Conversely, studies using ␣-neurexin-knockout mice demonstrate an essential role of ␣-neurexins in coupling Ca 2ϩ channels to the presynaptic machinery (12) and in maintaining normal postsynaptic NMDA receptor (NMDAR) function (13).
T he neurexin-neuroligin adhesion complex plays a critical role in brain development and function (1, 2) . Neurexins are localized mainly on axons and can form transsynaptic calciumdependent heterophilic adhesion with neuroligins situated on dendrites (3) . Neurexin binds presynaptic adaptors such as Ca2 ϩ /calmodulin activated serine-threonine kinase (4) , whereas the neuroligin intracellular tail binds the scaffolding postsynaptic density protein 95 (PSD-95) (5, 6) . Pathological mutations in neuroligin genes are related to autism and X-linked mental retardation in humans (7) (8) (9) . In addition, neuroligin-knockout mice die shortly after birth from respiratory failure as a result of reduced network activity in brainstem centers that control respiration (10) , and show selectively altered synaptic responses (11) . Conversely, studies using ␣-neurexin-knockout mice demonstrate an essential role of ␣-neurexins in coupling Ca 2ϩ channels to the presynaptic machinery (12) and in maintaining normal postsynaptic NMDA receptor (NMDAR) function (13) .
A major role of neurexin-neuroligin adhesion in regulating synaptogenesis has emerged recently from culture studies (14) . For example, over-expressing neuroligins in neurons increases synapse density (15) , whereas silencing neuroligins induces the opposite (16) . Furthermore, primary neurons form functional presynaptic terminals onto HEK cells expressing neuroligin (17) (18) (19) and develop postsynaptic scaffolds on fibroblasts expressing neurexin (20) . These effects can be mimicked by using microspheres coated with purified neuroligin (21) or neurexin (20) , respectively. However, the kinetics with which newly formed neurexin-induced postsynaptic contacts recruit detectable functional glutamate receptors is unknown. Clusters of neuroligin-1 (Nlg1) and PSD-95 induced by neurexin-1␤ after a 24 h contact duration positively immunostain for NMDARs, but not for AMPA receptors (AMPARs) (20) . Furthermore, the recruitment of AMPARs at neurexin/neuroligin contacts is promoted by glutamate application or constitutively active calmodulin-activated kinase II (CamKII) (22) . This differential recruitment of NMDARs and AMPARs is puzzling, as AMPARs could in theory be recruited to the PSD-95 scaffold assembled by neuroligins through binding of their auxiliary subunit stargazin to PSD-95 (23, 24) .
An essential question thus remains of whether functional AMPARs are present early on at nascent neurexin-induced postsynaptic differentiations, independently of NMDAR activation, in which case AMPAR activity could play unsuspected roles in regulating synaptogenesis. To address this issue, we induced neuroligin-selective postsynaptic contacts on primary neurons by using neurexin-1␤-coated microspheres, independently of preexisting synapses, and characterized their functional properties using local glutamate delivery combined with calcium imaging and electrophysiology.
apses. Neurons transfected with Nlg1 bound three times more Nrx1␤-Fc-coated beads than neurons transfected with a neuroligin construct in which the ectodomain was replaced by acetylcholine esterase (Nlg1-SWAP) or non-transfected counterparts (Fig. 1C) , indicating a functional Nrx1␤/Nlg1 interaction. In addition, Nlg1 and PSD-95 accumulated at Nrx1␤-Fc beads in large crescent-like patterns ( Fig. 1 D and E) , distinct from small endogenous synaptic clusters, which are rather sparse at this developmental stage (27) . PSD-95 was recruited by Nrx1␤-Fc beads over a time course of 4 h (Fig. 1F) . Control N-cadherin-Fc coated beads bound as well as Nrx1␤-Fc beads (Fig. 1C) but did not recruit PSD-95 (Fig. 1F) , demonstrating the specificity of the assay and confirming the inability of N-cadherin to induce synapse formation (17, 20) . Thus, Nrx1␤-Fc beads induced neuroligin-specific postsynaptic differentiation.
Calcium Transients Induced by Glutamate Un-Caging at Nrx1␤-Fc
Beads. To test for the presence of functional glutamate receptors at Nrx1␤-Fc microsphere contacts, we first used a global approach based on glutamate photo-release and calcium imaging. Cells were transfected with PSD-mCherry as a live marker of postsynaptic differentiation, and loaded with the fluorescent calcium indicator Fluo-4. The observation medium contained 4-methoxy-7-nitroindolinyl-caged l-glutamate, which caused no apparent excitotoxicity (28, 29) , together with glycine and no magnesium to favor the opening of NMDAR channels. Upon un-caging of glutamate in the vicinity of microspheres, we recorded significant Fluo-4 fluorescence increase at microspheres that had recruited PSD-mCherry ( Fig. 2A and B) . Calcium signals originated from the bead contact, sometimes precisely at locations showing PSD-95 accumulation, then rapidly diffused into the dendrite (Fig. 2B ). There was no such increase when 4-methoxy-7-nitroindolinyl-caged l-glutamate was omitted from the extracellular medium (Fig. 2E) , indicating a specific response to glutamate release and not photo-damage. On average, the Fluo-4 level increased by 45% in 0.5 sec, then decreased to baseline level with a characteristic decay time of 2 sec ( Fig. 2 C and E) . In contrast, beads showing weak or no PSD-95-mCherry recruitment induced only small calcium transients ( Fig. 2 C and D) . Overall, the glutamate-induced calcium increase correlated well with the level of PSD-95 enrichment at bead contacts (Fig. 2D) , suggesting that functional glutamate receptors were recruited via PSD-95 molecules clustered at neurexin/neuroligin contacts. Control beads coated with Ncadherin-Fc, or neurite areas without beads, elicited only minor calcium responses (Fig. 2E) , probably because of the presence of sparse endogenous synapses.
To identify which glutamate receptor subtypes were recruited at Nrx1␤-induced contacts, we used a pharmacological approach. Surprisingly, treatment with the NMDAR antagonist 2-amino-5-phosphovaleric acid (APV) caused only a 20% reduction in the calcium response (Fig. 2E) . This indicated that NMDARs were present at Nrx1␤-Fc microsphere contacts, but were not the main mediator of calcium entry. In contrast, treatment with the AMPAR antagonist CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) inhibited the calcium response by 90% (Fig. 2E) , suggesting the presence of functional AMPARs at Nrx1␤-Fc beads. The majority of AMPARs in hippocampal neurons contain the GluR2-subunit, which is weakly permeable to calcium (30) . Thus, we hypothesized that AMPARs caused membrane depolarization which, in turn, led to activation of voltage-gated calcium channels located nearby in the dendrite (31) . Indeed, treatment with cadmium, a broadspectrum blocker of calcium-permeable channels including NMDARs (32), completely abolished Fluo-4 transients (Fig. 2E ).
Patch-Clamp Currents Evoked by Iontophoretic Glutamate Application
at Nrx1␤-Fc Beads Reveal Functional AMPARs and NMDARs. To directly identify the presence of functional NMDARs and AMPARs at neurexin/neuroligin contacts and characterize their kinetics of recruitment compared with native synapses, we performed whole-cell patch-clamp recordings together with local glutamate application at Nrx1␤-Fc beads by using iontophoresis (Fig. 3A) . Cells were transfected with PSD-95-GFP to visualize postsynaptic differentiation (Fig. 3B ). Beads displaying PSD-95-GFP accumulation usually exhibited the strongest currents (Fig. 3C ). On average, Nrx1␤-Fc beads incubated for 24 h had current amplitudes of 256 Ϯ 40 pA (n ϭ 25 beads), more than twofold that of endogenous PSD-95 clusters (120 Ϯ 18 pA, n ϭ 22) or beads incubated for only 2 to 4 h (105 Ϯ 24 pA, n ϭ 11). Control neurite regions with homogeneous PSD-95 distribution, as well as N-cadherin-Fc-coated beads, produced much smaller currents, i.e., 19 Ϯ 7 pA (n ϭ 6) and 13 Ϯ 4 pA (n ϭ 13), respectively. The increase in current amplitude from 2-4 h to 24 h paralleled the time course of PSD-95 accumulation (Fig.  1F) , further indicating that the presence of PSD-95 and functional glutamate receptors were associated.
The shape of the currents at Nrx1␤-Fc beads indicated both a fast AMPAR component and a slow NMDAR component. Indeed, the slow phase disappeared in the presence of the NMDAR antagonist APV, and the remaining fast response was blocked by the AMPAR antagonist CNQX (Fig. 3D) . The fact that the AMPAR and NMDAR components could easily be distinguished on a time scale basis allowed the systematic computation of the relative AMPAR charge by using biexponential fitting of the current/time curves obtained in the absence of pharmacological treatment. AMPARs mediated 18% of the total charge transfer 2 to 4 h after initial bead contact, and after 24 h this proportion reached 30% (Fig. 3F) , approximately that of established synapses (Fig. 3E) . It is unlikely that the progressive increase of AMPAR charge at Nrx1␤-Fc beads can be explained by a parallel replacement of NR1/NR2B by NR1/ NR2A heteromers with faster desensitization kinetics, which could lead to an overestimation of the AMPAR component. Indeed, the switch in NMDAR subunit composition linked to synapse maturation occurs on a longer time course, typically from 6 to 15 DIV (33). Furthermore, the slower rate constant representing NMDARs did not differ significantly between the 2-4 h and 24 h time points, i.e., 166 Ϯ 32 ms (n ϭ 8) versus 197 Ϯ 29 ms (n ϭ 12), respectively.
As it was previously suggested that the synapse promoting effect of Ngl1 was dependent on NMDAR activity (22) , we treated neurons with TTX to suppress action potential driven network activity and APV to block NMDAR function during the 24-h bead contact. In these conditions, the recruitment of PSD-95 (Fig. 1F) as well as the fast AMPAR current component were still present (Fig. 3F) , demonstrating that the accumulation of functional postsynaptic AMPARs does not require sustained neuronal activity. TTX/APV treatment instead caused an increase in AMPAR charge both at Nrx1␤ beads (Fig. 3F) and synapses labeled by PSD-95 clusters (Fig. 3E) , as well as a stronger immunostaining of endogenous AMPAR at PSD-95 clusters [supporting information (SI) Fig. S1 ]. These events are most likely linked to an homeostatic increase in AMPAR surface expression (34, 35) .
As PSD-95 over-expression is known to drive GluR1 to nascent synapses and increase AMPAR synaptic currents (23, 36) , whereas PSD-95 KO decreases AMPAR synaptic transmission by increasing the number of silent synapses (37), we performed control experiments using Homer1c, a nonperturbing postsynaptic marker (38) . The AMPAR charge measured at synaptic clusters did not differ significantly between neurons co-transfected with Nlg1 and either PSD-95-GFP or Homer1c-GFP (Fig. 3E) . Moreover, Homer1c was recruited to Nrx1␤-Fc beads, albeit to a lesser degree than PSD-95, and those beads still exhibited significant AMPAR currents (Fig. 3F) . This shows that, in our conditions, AMPARs can be recruited at ⌵rx1␤-induced contacts under endogenous PSD-95 levels. AMPAR recruitment was also not an artifact of Nlg1 overexpression, as Nlg1 transfection per se does not increase AMPAR receptor abundance at synapses, as assessed from the amplitude of miniature AMPA currents (15) . Accordingly, we found that the AMPAR charge at synapses labeled with Homer 1c-GFP was not changed upon additional expression of Nlg1 (Fig. 3E) . The absence of rectification at positive membrane potentials in the current/voltage curves indicates that AMPARs present at Nrx1␤-Fc beads were mostly composed of GluR2-containing heteromers (Fig. S2) . Finally, we performed live AMPAR surface staining and detected strong labeling at Nrx1␤-Fc beads, but not at N-cadherin-Fc-coated beads (Fig.  S3) , confirming the specific presence of AMPARs at Nrx1␤/Nlg1 contacts by immunohistochemistry.
Differential Recruitment of GluR1 and GluR2 AMPAR Subunits at
Nrx1␤-Fc Beads. To examine in more detail the subunit specificity of AMPAR recruitment at Nrx1␤/Nlg1 contacts, we cotransfected neurons with Nlg1 together with recombinant GFPtagged GluR1 or GluR2 subunits. The recruitment of membrane-associated AMPARs at Nrx1␤-Fc beads bound for 4 h was detected by live surface staining with anti-GFP antibodies (Fig.  4 A and B) . In half the experiments, PSD-mCherry was cotransfected, whereas in the other half, endogenous PSD-95 was immunostained. The enrichment level of endogenous PSD-95 (2.6 Ϯ 0.1, n ϭ 106) was similar to that of PSD-mCherry (2.6 Ϯ 0.2, n ϭ 68), and there was little effect of exogenous PSDmCherry expression on the recruitment of either GluR1 or GluR2 (not shown), so we pooled the data from both conditions (Fig. 4) . The striking result was that GluR2 was strongly recruited at Nrx1␤-Fc beads (Fig. 4 B and C) , whereas GluR1 was almost absent (Fig. 4 A and C) . The recruitment levels were not affected by a 4-h treatment with APV/TTX during bead incubation (Fig. 4C) . By comparison, GluR1 and GluR2 were enriched to similar levels at endogenous synapses identified by PSD-mCherry fluorescence (Fig. 4 A, B and D) . The TTX/APV treatment reduced the synaptic GluR1 level, leaving GluR2 staining intact (Fig. 4D) . Thus, GluR1 is recruited at synaptic contacts in an activity-dependent manner, and absent from Nrx1␤-induced postsynapses, which are not linked to presynaptic activity; whereas GluR2 is recruited both at Nrx1␤/Nlg1 contacts and nascent synapses in a rather constitutive fashion (Fig. 5) .
Discussion
Both NMDA and AMPA Receptors Are Recruited at Neurexin/Neuroligin Contacts. We showed here, by using a minimal constituent system, that mobilizing Nlg1 molecules by Nrx1␤ binding drives functional postsynapse assembly, characterized by calcium responses and the rapid recruitment of NMDARs and AMPARs, closely following the appearance of PSD-95. Note that this is basically the reverse of previous experiments that used HEK cells co-transfected with Nlg1 and NMDAR (18) or AMPAR (19) subunits. There, the patch-clamp currents recorded in HEK cells revealed the presence of glutamate release at presynaptic terminals formed by axons of co-cultured neurons onto the heterologous cells. Conversely, we demonstrate here the spontaneous assembly of functional glutamate receptors at Nrx1␤-induced postsynapses in dendrites, in the absence of presynapses. Advantages of the microsphere assay are that we could isolate selective effects of the neurexin/neuroligin interaction independently of other synaptogenic proteins such as SynCAM (19) , and precisely control the initial encounter time. One drawback was that we had to transfect Nlg1 to ensure a specific Nrx1␤/Nlg1 interaction, given the limited effects of Nrx1␤-Fc beads on un-transfected cells. This may originate from the bead coating protocol, which yielded a fairly low density of immobile Nrx1␤ ligands (approximately 500 dimers/m 2 ) (39). As a result, the local number of endogenous interacting proteins might be too small to trigger postsynapse differentiation, in contrast with native synapses in which Nrx1␤/Nlg1 bonds might reach higher concentrations because molecules can slide laterally in the plasma membrane and cluster more efficiently. For example, presynaptic differentiation was obtained only with lipid-coated microspheres bearing freely diffusing GPI-anchored Nlg1 (21) . Nevertheless, as pointed out earlier, Nlg1 over-expression does not seem to affect the postsynaptic targeting of AMPARs. In those conditions, PSD-95 could be detected by 1 h after adhesive contact and reached a maximum level by 4 h. The AMPA/NMDA current fraction increased progressively over time (from 2 h to 24 h), suggesting that AMPARs appear slightly later than NMDARs. The time course obtained here with selective Nrx1␤-triggered adhesions agrees with that reported for spontaneous axo-dendritic contacts (40) , suggesting that during the formation of native synapses, neurexin/neuroligin binding plays a key role in the recruitment of specific postsynaptic components. Immunostaining using antibodies against an intracellular epitope of NR1 had previously indicated the presence of NMDARs at contacts between neurons and fibroblasts expressing ␤-neurexin (20) . Our results now establish that NMDARs are present in the neuronal plasma membrane and functional at neurexin/neuroligin contacts. Such recruitment of NMDARs may involve a pivotal role of PSD-95, which can bind concomitantly the Nlg1 intracellular tail (41) and NMDAR subunits (42) .
Selective Recruitment of GluR2-Containing AMPARs. The identification of AMPARs at Nrx1␤-Fc beads was more surprising because they were not previously detected by immunocytochemistry in the co-culture assay under resting conditions (20) . Although the experimental conditions are very close, this discrepancy may originate from difficulties to immunostain AMPAR. Indeed, we were unable to label GluR2 with commercial antibodies, and obtained a specific signal only by live staining with a highly specific anti-GluR1 antibody, likely to stain endogenous GluR1/GluR2 heteromers. We thus believe the functional assays described here are more sensitive than immuno-cytochemistry. In another study, GluR1-containing AMPARs were detected at neuronal contacts with PC12 cells expressing Nrx1␤ only upon stimulation with glutamate or a constitutively active CamKII mutant (22) . Here, confirming this previous result, we showed that over-expressed GluR1 subunits, likely to form calcium-permeable GluR1 homomers (43), are indeed not recruited at Nrx1␤-Fc beads, whereas GluR2 subunits strongly accumulate. The comparison with preexisting synapses is striking, as GluR1 and GluR2 subunits are found equally present in control conditions. The synaptic enrichment of the GluR1 subunit was reduced by a 4-h TTX/APV treatment, confirming that the accumulation of GluR1-containing AMPARs at postsynapses requires synaptic activity. Because there is no glutamatergic release in front of Nrx1␤-Fc beads, GluR1-containing AMPARs are naturally excluded from them. In that sense, Nrx1␤-induced postsynapses resemble synapses in which the presynaptic release machinery has been chronically silenced, as these are unable to trap postsynaptic GluR1-containing AMPARs (44) . In contrast, GluR2-containing AMPARs accumulate in a constitutive fashion at Nrx1␤-Fc beads and are not sensitive to activity blockade at preexisting synapses. The preferential presence of GluR2-containing receptors at neurex in/ neuroligin contacts is sustained by two additional observations: (i) the current/voltage curves obtained by patch-clamp experiments upon glutamate iontophoresis at Nrx1␤-Fc beads showed no rectification; and (ii) cadmium, which does not affect the calcium permeability of GluR2-lacking AMPARs (45), efficiently blocked calcium entry at Nrx1␤-Fc beads induced by glutamate un-caging. These findings agree with the fact that the expression of Nlg1 lacking its C terminus-and thus unable to interact with PSD-95-reduces both the amplitude of AMPA miniature excitatory postsynaptic currents and GluR2 labeling at native synapses (22) .
Activity-Independent Recruitment of AMPARs at Neurexin/Neuroligin
Contacts. Although there are very few synapses in such young cultures and no accumulation of functional presynaptic terminals at bead contacts, it was still possible that endogenous AMPAR recruitment was triggered by the stimulation of NMDARs initially present at Nrx1␤-Fc beads through glutamate spill-over from neighboring synapses. To rule out this possibility, we treated the cultures with the activity blockers TTX and APV for 24 h, which did not affect the accumulation of PSD-95 at Nrx1␤-Fc beads. Far from inhibiting AMPAR recruitment, we instead found a significant increase of AMPAR charge detected at Nrx1␤-Fc beads and synapses, as well as an increase in AMPAR staining at PSD-95 puncta. These findings agree with a previous report showing that TTX/APV treatment, by blocking NMDAR miniature excitatory postsynaptic currents, potentiates the effect of TTX alone (35) and induces a strong homeostatic up-scaling of AMPAR availability by triggering local protein translation and membrane delivery (34) . This effect is contrary to the more classical increase in GluR1-containing AMPARs at mature synapses triggered by plasticity protocols (43) , and seems to be specific to immature synapses (46) . The fact that scaling was more pronounced for endogenous synapses than for beads also calls for a local regulation. At shorter term (4 h), we found no effect of TTX/APV on the recruitment of recombinant GluR1 or GluR2 AMPAR subunits at Nrx1␤-Fc beads. Such lack of effect of NMDAR blockade on AMPAR recruitment at neurexin/ neuroligin adhesions apparently contrasts with a recent study that showed that the synaptogenic effect of Nlg1 is reversed by chronic treatment with NMDAR or CamKII inhibitors (11) . These authors propose that the increase in synapse density taking place upon Nlg1 over-expression is not the result of initial adhesion between dendritic Nlg1 and axonal Nrx1␤ (21), but of a more complex regulation of Nlg1 function by NMDAR activation implicated in the later stages of synapse maturation (11) . The mechanism is unclear at present, but could involve a retrograde signaling that influences presynaptic assembly and glutamate release (47) . However, it is also possible that, during such a long-term APV treatment (4 d) that caused chronic reduction of postsynaptic calcium entry, other molecular pathways might develop independently of Nlg1. We thus believe that this mechanism of long-term presynapse assembly is different from the rapid postsynaptic differentiation described here, which by no means involves active presynapses.
Mechanisms and Functional Role of AMPAR Mobilization at Neurexin/
Neuroligin Contacts. The fact that the presence of AMPARs at neurexin/neuroligin contacts was closely associated with the level of PSD-95 suggests a close relationship between the two molecules. As AMPARs do not bind PSD-95 directly, it is tempting to speculate that membrane AMPARs associate with PSD-95 clusters triggered by neurexin/neuroligin interaction through the auxiliary subunit stargazin (48) , which binds PDZ domains 1 and 2 of PSD-95 (23) and stabilize surface-diffusing AMPARs at synapses (24) . Such a trapping mechanism would suggest a relevant function for relatively abundant extrasynaptic AMPARs in young neurons (27) , the role of which remain elusive. Alternative models such as regulated insertion and removal of AMPARs from the cell surface may also be implicated (49) . We are currently developing a high-throughput assay to trigger the rapid formation of hemi postsynapses, which will allow us to screen biological conditions to discriminate between the possible mechanisms of glutamate receptor recruitment. In any case, the presence of functional AMPARs at nascent neuronal contacts initiated by neurexin-neuroligin binding suggests that they may play an unsuspected role in activity-dependent regulation of synapse formation. For example, we showed that AMPARs participate in calcium signaling at ␤-neurexin-induced postsynapses, most likely through the activation of voltage-gated calcium channels (31) . Also, chronic AMPAR blockade suggests an important impact of functional AMPARs in maintaining synaptic structure and function (50) . The activation of AMPARs by miniature glutamate release at newly formed synapses (34) may contribute to the stabilization and plastic properties of these contacts, and therefore play a crucial role right at the beginning of the establishment of a new synapse.
Methods
Briefly, primary rat hippocampal neurons were transfected at 4 or 5 DIV with various combinations of the following plasmids: Nlg1-HA, Nlg1-mCherry, PSD-95-GFP, PSD-95 mCherry, Homer1c-GFP, GluR1-GFP, and GluR2-GFP. Neurons at 7 or 8 DIV were incubated with microspheres coated with Nrx1␤-Fc or N-cadherin-Fc as a control, for times ranging from 2 h to 24 h. Three types of experiments were carried out: (i) immuno-cytochemistry to detect enrichment levels of Nlg1, PSD-95, or GluRs at bead contacts or synapses; (ii) glutamate un-caging and calcium imaging using a bi-photon confocal microscope; and (iii) glutamate iontophoresis and patch-clamp recordings. All protocols are described thoroughly in SI Methods. 
